ABSTRACT: Self-compacting concrete has a characteristic microstructure inherent to its specific composition. The higher content of fine particles in self-compacting concrete relative to the equivalent vibrated concrete produces a different fracture behavior that affects the main fracture parameters. In this work, a comprehensive experimental investigation of the fracture behavior of self-compacting concrete has been carried out. Twelve different self-compacting concrete mixes with compressive strength ranging from 39 to 124 MPa (wider range than in other studies) have been subjected to three-point bending tests in order to determine the specific fracture energy. The influence of the mix design and its composition (coarse aggregate fraction, the water to binder ratio and the paste to solids ratio) on its fracture behavior has been analyzed. Moreover, further evidence of the objectivity of the size-independent fracture energy results, obtained by the two most commonly used methods, has been provided on the self-compacting concrete mixes. 
INTRODUCTION
Self-compacting concrete (SCC) has a different microstructure than the equivalent vibrated concrete (VC) since a higher amount of fine particles in the mix is necessary to comply with the target viscosity and to ensure the necessary flow and passing ability (1, 2) . This means that the coarse aggregate (CA) content in SCC is usually lower than in the corresponding vibrated concrete and this affects especially its fracture behavior. Cifuentes and Karihaloo (3) performed a comprehensive experimental study to obtain the fracture properties of self-compacting concrete by means of wedge splitting tests (WST) varying the size of the specimens and relative notch depth. They obtained the size-independent fracture energy of concrete by using the boundary effect (BE) method of Hu and Wittmann (4) and verified the applicability of the simplified version (SBE) of the BE method proposed by Abdalla and Karihaloo (5) and validated by Karihaloo et al. (6) . They demonstrated that SCC mixes in comparison with equivalent vibrated mixes (with similar compressive strength) show lower values of the size-independent specific fracture energy since the frictional part in the softening branch of the load-displacement or load-CMOD curves is short because of reduced coarse aggregate content. However, the ductility of vibrated concrete mixes is only marginally higher than that of self-compacting concrete mixes due to the influence on other fracture parameters (3) . These observations show that a change in the microstructure of the concrete matrix has a significant effect on its fracture properties. Since different mix proportions are possible in order to get similar strength self-compacting concrete mixes (7), a broader study allowing a proper analysis of the influence of the mix design and the various components of the matrix in case of self-compacting concrete is needed.
Nevertheless, the measurement of the fracture properties of concrete in the correct way is crucial to provide reliable results to compare and analyze different concrete mixes. Specifically, the measurement of the specific fracture energy as indicated by RILEM recommendation (8) provides a value that is size-dependent and has to be properly corrected. The most common methods to obtain a sizeindependent fracture energy of concrete, G F , are the boundary effect method proposed by Hu and Wittmann (4) or the simplified version (SBE) proposed by Abdalla and Karihaloo (5) and the corrections to the RILEM test proposed by Guinea et al. (9) (10) (11) . Although the methods are different, they are interrelated since they deal with the treatment of the contribution to the fracture energy when the test is nearing the end and the crack is approaching the back free boundary of the specimen (tail of the P-δ curve). Cifuentes et al. (12) demonstrated that the application of both methods to the same vibrated concrete mix with a compressive strength of 37 MPa leads to very similar values of G F . Later on, Murthy et al. (13) provided further experimental evidence of this conclusion using extensive independent test results of three different vibrated concrete mixes ranging in compressive strength from 57 to 122 MPa. This paper deals with the study of the influence of the components of twelve different self-compacting concrete mixes with compressive strength varying from 39 to 124 MPa on their fracture behavior. In particular, the influence of the coarse aggregate (CA) volume, compressive strength, water to binder (w/cm) and paste to solid (p/s) ratios on the sizeindependent fracture energy of concrete (G F ) will be studied using the SBE approach proposed by Abdalla and Karihaloo (5) and the approach proposed by Guinea et al. (9) (10) (11) . It is shown that the two methods give very similar values of G F of the SCC mixes. In this manner, very useful information about the influence of the mix proportions, inherent to self-compacting concrete mixes, on their fracture behavior is provided.
MATERIALS AND METHODS
The tests described in this paper were conducted on normal and high-strength self-compacting concrete mixes by varying the proportions of the mix (i.e. aggregates volume, paste to solid and water to binder ratios). In this way, SCC mixes with compressive strength ranging from 39 to 124 MPa have been developed. Three-point bending tests were conducted on all mixes to obtain their size-independent specific fracture energy according to the two mentioned methods: the simplified boundary effect method and the approach proposed by Guinea et al. Details of both methods are given in (12).
Constituents and mix design
In this work, twelve SCC mixes were designed with different volume fractions of coarse aggregate (14) , p/s and water to binder w/cm ratios. The mixes were designed according to the method proposed by Deeb and Karihaloo (15) . In every mixture, type II Portland cement produced by Portland Valderrivas cement factory (Seville, Spain) was used to prepare the concrete. A part of the cement was replaced by ground granulated blast furnace slag (ggbs) in normal-strength (NS) SCC or silica fume (SF) in case of high-strength (HS) SCC (16) (17) (18) . Limestone powder with maximum particle size of 125 μm provided by Taljedy factory (Seville, Spain) was used as filler to increase plastic viscosity of the SCC. The fine aggregates (FA) were natural siliceous river sand with a fineness modulus of 2.9 and the coarse aggregates were crushed limestones with the maximum size of 10 mm. Although the nature of the aggregates affects the fracture behavior of concrete (19, 20) , this effect is beyond the objective of this study and all mixes were prepared by using the same type of aggregates. A part of the river sand (53%) was replaced by an equivalent volume of the coarser fraction of limestone powder in the size range 125 μm -2 mm (21) . A superplasticizer (SP) of the third generation polycarboxylic ether-based type (Glenium SKY 886) with specific gravity of 1.05 provided by BASF Company was used. The specific gravity of the cement, ggbs and silica fume are 3.10, 3.30 and 2.25, respectively, whereas that of limestone powder, river sand and coarse aggregate are 1.70, 2.65 and 2.8, respectively. These values were measured by using a pycnometer.
The different mixes are divided in two main groups, one group corresponding to NS and the other to HS-SCC. The NS mixes are sub-divided further in three subgroups according to w/cm and p/s ratios. In each group or subgroup the mixes are ordered in descending content of CA. In case of HS mixes, silica fume was employed as cement replacement material in order to obtain a high-strength concrete. The mix proportions and constituents are given in Table 1 . After mixing, slump flow tests were conducted on the SCC mixes according to EFNARC guidelines (22) (Table 1) .
Specimen preparation and test procedure
From each of the twelve mixes (Table 1) 10 beam specimens (100 × 100 × 440 mm), four cubes (100 mm) and four cylinders (100 × 200 mm) were cast. The different types of concrete were produced in a vertical mixer by mixing the coarsest constituent (CA) and the finest one (SF or ggbs), followed by the next coarsest (FA) and next finest constituent (cement), and so on. Before each addition, the constituents were mixed for 2 min. Two-thirds of the super-plasticizer was added to the water in order to fluidize the dry mix. The remaining one-third of the SP was added and mixed for 2 min just before the mix was poured into the moulds. After 24 hours the specimens were demolded and cured in water at ambient temperature for 28 days.
The characteristic compressive strength (f c ) was determined from 100 mm cubes in accordance with UNE EN12930-3:2009. The indirect tensile strength (f st ) was obtained using the cylinder splitting test according to UNE EN12930-6:2010, carried out on 100 mm diameter by 200 mm long cylinders. The Young's modulus of concrete (E c ) was determined according to the UNE EN12390-13:2014 by gradually loading a cylindrical specimen in compression to approximately a third of its failure load. The corresponding strain was measured by using two linear transducers (±2.5 mm) aligned with the longitudinal axis of the specimen and mounted between two steel rings, which were concentrically fixed at one third of the height of the specimen respect to its ends. In this way, the reference length to obtain the Young's modulus of the mixes was the central third of the height of the specimens (67 mm).
Regarding the fracture energy of SCC mixes, a three-point bending tests (TPB) were carried out on notched beams according to the RILEM work-of-fracture method (8) . Four of the beams cast for each mix were notched to a depth of 10 mm (notch to depth ratio a/ W = 0.1) with a thin (3 mm) diamond saw while the remaining four were notched to a depth of 50 or 60 mm (a/ W = 0.5 -0.6). The tests were performed controlling the crack mouth opening displacement (CMOD) by means of a clip gauge transducer. The load-point deflection was measured simultaneously by means of a linearly variable displacement transducer (LVDT) mounted on a rigid frame in order to avoid spurious torsional effects on measurement of vertical displacement.
The tests were conducted in a closed-loop dynamic universal testing machine with a maximum load capacity of 50 kN. Table 2 shows the results of the different SCC mixes. Results have been arranged so the mechanical properties (f c , f st and E c ) are presented first. Then, the fracture properties are shown as obtained by the simplified boundary effect method and the method proposed by Guinea et al. (TA) . In case of SBE method the RILEM size-dependent fracture energy of concrete, G f , obtained for each SCC mix and relative notch depth are also shown. As main results for this method the transition length, a l , and the size-independent specific fracture energy, G F are shown. In case of TA method, the coefficient of adjustment of the tail of the curve A, the displacement δ u at the end of the test and the sizeindependent specific fracture energy G F * are also presented.
RESULTS AND DISCUSSION
It should be noted in Table 2 that the experimental coefficient of variation (COV) was also calculated for G F according to the SBE method. This COV is usually not obtained (4, 13, 23) because of the BE equations must be solved by a least square method for the different RILEM size-dependent fracture energy of concrete, which also have their own associated COV. The SBE is simpler than the BE method since it is not necessary a least square method to solve the system of equations but its basis is the same and the COV associated to this value is not determined. In this work, the COV associated to this experimental method was obtained by considering all Table 2 . Results of mechanical properties and fracture parameters of SCC mixes
Mix

Mechanical properties
Fracture properties (SBE) Fracture properties (TA) Effect of mix design on the size-independent fracture energy of normal-and high-strength self-compacting concrete • 5 the possible combinations of the BE equations for the four specimens with the deepest notch depth tested for each mix with the other four specimens corresponding to the shallowest notch depth.
In a recent paper, Abo Dhaheer et al. (2) [1] Figure 1 shows the compressive strength as a function of the w/cm ratio of the different SCC mixes studied in this work and compares it with the prediction of Eq. [1] . As observed, the prediction given by Eq. [1] fits well, in general, with the obtained experimental results. The deviation with respect to the prediction obtained for some of the mixes is high but it should be taken into consideration that Eq. [1] was obtained by least square fitting of many results obtained from many different researchers and very different SCC mixes (1) .
From the results in Table 2 , it can be additionally observed that an increase in the paste to solid ratio (p/s) leads to a slight increase in the mechanical properties of the SCC mixes, in a similar way to that reported recently by Alyhya et al. (24) . A direct comparison of results of the SCC mixes NS-B and NS-C with same w/cm ratio but different p/s ratios shows that all the mechanical properties of the NS-C mixes (f c , f st and E c ) with higher p/s ratio are slightly higher than those corresponding to NS-B mixes.
The influence of the CA content on the compressive and split tensile strengths obtained for the different mixes of each grade is consistent with that reported by Nikbin et al. (25) , namely that they do not follow a definite trend with the coarse aggregate fraction of the mix.
Influence of the mix composition and strength on fracture energy of SCC
In the following, the analysis of the influence of the coarse aggregate fraction, the water to binder and the paste to solid ratio of the mix composition on fracture energy is made by considering the value of G F , obtained with the SBE method. Table 2 shows the variation of G F with the coarse aggregate fraction for each group of SCC mixes. Direct comparison between mixes of different group is difficult as they have a different range of variation of the coarse aggregate content. However, Figure 2 shows that G F rises with the increase of the coarse aggregate fraction. This increase is in agreement with previous research on SCC (26) and it is caused by the lengthening of the frictional part of the loaddisplacement curve (inherent to an increase in the energy dissipation mechanisms: micro-cracking, crack branching, aggregate interlock) and thus, a more pronounced tail of the curve (3).
On the other hand, an increase in the compressive strength should provide an increase in the specific fracture energy since a decrease in the water to binder (w/cm) ratio decreases the values of G F as demonstrated by Beygi et al. (27) . Although the range of variation of the coarse aggregate fraction is not the same for the different groups of SCC here analyzed, a comparison of the results of mix NS-A with those of NS-B and NS-C reveals an increase in G F when the w/cm ratio is decreased (Fig. 2) . Specifically, if the value of G F corresponding to NS-A1 mix with a coarse aggregate content of 18% is compared with NS-B3 and NS-C3, with the same CA content but different w/cm ratio, it is seen that G F increases for lower w/cm ratios (Fig. 3) . As observed, the p/s ratio of NS-A1 and NS-B3 is the same and therefore, the trend observed in Figure 3 is not influenced by the p/s ratio. It should be noted that although the HS-B3 mix has the same CA content, was not used in this comparative analysis since its fracture energy does not follow the same trend with the w/cm ratio because of the presence of silica fume instead of ggbs. The use of silica fume produces a densification in the interfacial transition zone (ITZ), which implies a decrease of G F (3) . Regarding the p/s ratio of the SCC mixes, its influence on the specific fracture energy of concrete is evidenced in different ways. On the one hand, direct comparison of values obtained for NS-B and NS-C mixes with same w/cm ratio but different p/s ratio shows a decrease in G F with an increase in the p/s. This effect was also observed by Alyhya et al. (24) , as they obtained a noticeable decrease in G F with an increase in the p/s ratio for different SCC mixes with compressive strength ranging from 30 to 80 MPa. Nevertheless, if the values obtained for the HS mixes are compared with the analogous values for NS mixes it is observed that there is no increase in the values of G F with a decrease in the w/ cm ratio, as might have been expected. This is due to the fact that the decrease in G F produced by an increase in the p/s ratio outstrips the increase produced in it by a decrease in w/cm. Moreover, in case of HS mixes silica fume was employed instead of ggbs. As mentioned before, the use of silica fume in SCC produces a densification in the ITZ that leads to a stiffer cementitious matrix (28) so that the frictional part of the P-δ curve is shorter in comparison with normal-strength SCC mixes. This effect was previously observed by Cifuentes and Karihaloo They concluded that this decrease in G F was due to the densification of the matrix produced by the use of a higher content of fine particles, especially silica fume, in high-strength SCC mixes. In Fig. 4 , the variation of G F with the p/s ratio for NS-A1, NS-B4, NS-C3 and HS-3 with the same CA content (18%) is represented, where the decrease in G F with increasing p/s ratio is observed.
Although the trend of the mean values of G F shown in Figures 4 and 5 is similar to that obtained by other researchers, it should be noted that the experimental confirmation of these phenomena is weaker in this case because of the high values of the COV and the small range of variation of the w/cm and p/s ratios between SCC mixes. However, the finding of a reasonable trend of the variation of G F with the constituents of the mixes is an evidence of the reliability of results. Table 2 compares the mean values of the sizeindependent specific fracture energy of all concrete mixes obtained by using the two methods described above (G F for SBE method and G F * for the TA method). It is evident that both methods give very similar values of the mean size-independent specific fracture energies. This conclusion was previously reported by Cifuentes et al. (12) and by Murthy et al. (13) for different strengths of vibrated concrete (VC). Although these two methods use very different experimental procedures, they are closely interrelated as both procedures apply some corrections to the final part of the P-δ curve in the RILEM work-of-fracture test (29) . The BE method considers the influence on G F when the crack approaches the back free boundary of the specimen in the final part of the test (4), whereas the method of Guinea et al. (11) is mainly based on the determination of the non-measured work-of-fracture by adjusting the tail of the load-displacement curve that also corresponds to the end of the test.
Influence of the method employed for determining the size-independent fracture energy
The results confirm the similarity of the sizeindependent fracture energy obtained by either of the methods (SBE or TA) for self-compacting concrete with compressive strength ranging from the lowest value of 39.8 MPa corresponding to mix NS-A2 to the highest value of 124.0 MPa of HS-1.
Bilinear tension softening diagram
Another important fracture property of a concrete mix is the bilinear tension softening diagram, which becomes an essential parameter when a numerical analysis of the fracture behavior of concrete is necessary. The parameters of the diagram corresponding to the size-independent specific fracture energy for each SCC mixes are determined by Effect of mix design on the size-independent fracture energy of normal-and high-strength self-compacting concrete • 7 an inverse analysis according to the non-linear hinge model described in (30, 31) . Since an analysis of the influence of the microstructure of SCC mixes is performed in this work, it should be pointed out that the bilinear tension softening diagram ( Figure 5 ) captures the micro-cracking and frictional dissipation processes responsible for the observed postpeak behavior in a concrete mix (24) . The first steep linear branch of the softening diagram is due to the micro-cracking, whereas the shallow second linear branch is a consequence of the frictional dissipation processes, e.g. aggregate interlock.
The determination of the bilinear softening diagrams consists of the minimization of the sum of the square errors between the experimental and theoretical values of the load obtained for each CMOD value according to the analytical expressions given in (31) . Results of the theoretical load-CMOD curves for some SCC mixes and relative notch depths are shown in Figure 6 .
As two different relative notch depths were tested according to the SBE method, the parameters defining the bilinear softening diagram of each mix need to be properly scaled to avoid the size dependency of its specific fracture energy. The bilinear softening diagrams of all twelve SCC mixes corresponding to G F are shown in Figure 7 . The values of the three parameters defining the softening diagrams are shown in Table 3 .
The obtained values of a 1 , which corresponds to the slope of the first steep branch of the bilinear softening diagram (Figure 5) , increases with an increase of the coarse aggregate volume fraction and the paste to solid ratio, as previously observed by Alyhya et al. (24) . Analogously, the critical opening displacement (w c ) is influenced by the CA and the w/cm ratio, increasing with an increase of CA and a decrease of w/cm ratio. The influence of the p/s ratio is specially felt in case of high-strength mixes where silica fume was employed and a more densified matrix is obtained. For these HS mixes the increase of the p/s ratio outstrips again the decrease of the w/cm ratio as their values of w c are lower than the analogous values for NS mixes.
Another important aspect of the softening diagram is the estimation of the direct tensile strength (f t ) of the SCC mixes. Table 5 shows the relationship between the direct and splitting tensile strengths (f t /f st ) obtained for all mixes. In most cases, the values are lower than the usual value of 2/3 for VC (32) . As observed, this relationship is specially influenced by p/s and the w/cm ratios of the mix, increasing with an increase in p/s and a decrease in w/cm ratio as previously demonstrated by Alyhya et al. (24) .
Ductility
A detailed analysis of the fracture behavior of the self-compacting concrete mixes can be made through the ductility of concrete. This ductility is Figure 5 . Bilinear softening diagram. Figure 6 . Representative Load-CMOD curves generated by the hinge model and average experimental load-CMOD curves for NS-(a) and HS-SCC mixes (b). 
The characteristic length was proposed by Hillerborg et al. (33) and is an important fracture parameter related with the ductile/brittle behavior of the concrete mix.
The analysis of the ductility provides interesting information about the fracture behavior of SCC as the characteristic length relates properties of concrete on which the specific composition of selfcompacting concrete has different effects. Due to the denser interfacial transition zone (ITZ) of SCC compared with a similar strength VC (27) the G F of SCC is usually lower than the value corresponding to an equivalent VC, which contains a higher fraction of the coarse aggregate. However, in SCC the internal stiffness of the matrix of the mix is usually higher and the tensile strength lower than in equivalent VC because it contains a higher content of fine particles (3) . Consequently, the composition and strength of the mix play an important role in the ductile/brittle behavior of SCC (24) . Table 3 also shows the l ch values obtained for all the mixes corresponding to each grade. As observed, the characteristic length changes between 340 and 182 mm for compressive strength range between 40 and 124 MPa.
In Figure 8 l ch is plotted for the different SCC mixes. As it can be seen in Fig. 8 the most important parameter affecting l ch is the tensile strength since the ductility of concrete decreases as w/cm ratio decreases, causing SCC to have less ductile (or more brittle) behavior. This effect was confirmed by other authors (27) and it can be attributed to the change in concrete fractal dimension (34) due to a higher rupture in aggregate phase for high-strength SCC mixes.
Since the mixes for each type of concrete are designated in order of decreasing fraction of coarse aggregate, it can be observed that the values of l ch Figure 7 . The normalised bilinear stress-crack opening relationship for different SCC grades corresponding to their sizeindependent fracture energy (G F ). does not follow a clear trend because of the influence of the tensile strength. Only in case of NS-C and HS mixes, l ch tend to decrease when the CA fraction decreases due to the strong effect of the CA obtained for these mixes. The increase of G F with the increase of the coarse aggregate fraction is clear as demonstrated in this study and previous work from other authors (27) . As regards the tensile strength of SCC for each grade there is no definite trend with the CA fraction (25) , which produces a fluctuation of the values of l ch with CA for each grade due to its great influence in Eq. (2). As observed in Figure 8 the increase of the tensile strength produces a decrease of l ch due to the reduction of w/ cm ratio. However, the change is not as abrupt as it can be expected according to the compressive strength change of the mix from normal-strength to high-strength SCC mixes. This effect is due to the utilization of silica fume as cementitious material in high-strength SCC mixes and the subsequently densification of the ITZ (26) . Although G F slightly decrease with the utilization of silica fume as demonstrated before, the internal stiffness of the matrix of the SCC mixes is higher and the increase of tensile strength is not so pronounced because they contain a higher content of cementitious materials and are more susceptible to cracking (3).
CONCLUSIONS
From the extensive investigation reported above, the following conclusions can be drawn:
-The results show that the size-independent fracture energy of self-compacting concrete can be obtained by means of two methods (SBE and the method proposed by Guinea et al.). The results are very similar and they are independent of the employed method. Although other authors have postulated this conclusion, it has been demonstrated to be so for SCC mixes with a wide compressive strength range. -An increase in the coarse aggregate fraction produces an increase in the size-independent fracture energy. This conclusion has been extended for a wider range of compressive strength of the SCC mixes than reported by other authors. -A decrease in w/cm produces an increase in G F . -The p/s ratio of the mix has influence on G F .
Mixes with higher p/s ratio shows a lower value of the size-independent fracture energy. -The use of silica fume in high-strength SCC mixes produces a densification in the interfacial transition zone, which leads to a lower value of G F . -The ratio between the direct tensile strength and the split tensile strength of the SCC mixes increases with the reduction of the CA content and the w/cm and p/s ratios. -The coarse aggregate fraction increases the ductility of concrete, as quantified by means of l ch . -A decrease in the w/cm ratio decreases the ductility of concrete as the compressive strength of concrete increases. In case of high-strength SCC mixes, the use of silica fume produces the densification of the ITZ and subsequently increases the Young modulus of concrete more sharply than its tensile strength.
